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Studies of the genes involved in patterning the appendages of Drosophila melanogaster have revealed a system of signaling
and transcriptional regulation that is responsible for specifying the proximo-distal limb axis. Here we report the expression
patterns of presumptive homologs of the Drosophila genes extradenticle, dachshund, nubbin, ventral veins lacking (a.k.a.
Cf1-a), and Dll in the limbs of the woodlouse Porcellio scaber and the spider Steatoda triangulosa. Although the expression
omains of the appendage genes roughly correspond to those of Drosophila, their relative positions and segmental affiliation
re distinct. In addition, the expression patterns of the appendage genes allows a resolution of the segmental composition
f different appendages within crustacean and spider embryos. We conclude that certain limb types, e.g., mouthparts, appear
o be derived from a leg-like ground-plan via the elimination/fusion of the intermediate and distal podomeres. Moreover, we
bserve just such a modification during the transformation of the anterior legs into mouthparts in P. scaber. Although our
data do not unequivocally resolve the question of homology of the arthropod leg segments, they do provide evidence for a
single conserved proximo-distal patterning system in the development of noninsect arthropod limbs. © 2000 Academic Press
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One of the most important features unifying the Ar-
thropoda is the segmented nature of their appendages. The
uniramous walking legs of insects, such as those of the
fruitfly Drosophila melanogaster, consist of cylindrical
sclerotized segments, called podomeres. An insect leg has
six podomeres with distinctive identities: coxa, trochanter,
femur, tibia, tarsus, and pre-tarsus (listed in proximo-distal
order) (Brusca and Brusca, 1990). The podomeres are con-
nected by flexible, unsclerotized joints and have indepen-
dent muscle attachment points. Only muscled podomeres
are considered true segments, as some are subdivided into
small nonmuscled “segments,” e.g., the tarsus of insects or
the antennal flagellum of insects and crustaceans
(Snodgrass, 1958; Brusca and Brusca, 1990). The appendages
of all arthropods arise from paired, ventral lobes of the
lateral sides of the body segments (Snodgrass, 1958). The
number and morphology of podomeres in the limbs of
different arthropod groups vary widely, as they often reflect
a number of adaptive and functional features (Brusca and
1 To whom correspondence should be addressed. Fax: (812) 855-
2577. E-mail: kaufman@bio.indiana.edu.
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All rights of reproduction in any form reserved.rusca, 1990). The question of homology of limb segments,
articularly those in locomotory appendages, has been a
opic of some debate (Williams and Carroll, 1993; Pangani-
an et al., 1994, 1995, 1997; Averof and Cohen, 1997;
Williams, 1999). It is generally accepted that the more basal
arthropod groups, such as trilobites, have more primitive
legs. The trilobites appear to have possessed eight leg
segments (assuming that all were fully articulated and
muscled). This condition is thought to represent the com-
plete and maximal set within the studied arthropods
(Snodgrass, 1958; Brusca and Brusca, 1990). It is assumed
that during the evolution of the higher arthropod lineages,
some of these original segments were fused, lost, or subdi-
vided, making it difficult to assign homologies based on
morphology alone (Snodgrass, 1958; Brusca and Brusca,
1990; Willmer, 1990). In fact, several conflicting and mutu-
ally exclusive explanations exist for the relationships
among podomeres in different arthropods (Snodgrass, 1958;
Beklemishev, 1964; Brusca and Brusca, 1990).
Recent genetic and developmental analyses of D. mela-
nogaster have identified genes required for the development
of legs and antennae and have demonstrated the presence of
a unique proximo-distal (P-D) patterning system in the
imaginal discs (Lecuit and Cohen, 1997; Casares and Mann,
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674 Abzhanov and Kaufman1998). This system depends on the early expression of two
secreted signaling proteins, Wingless (Wg) and Decapen-
taplegic (Dpp) that are instrumental in specifying both the
proximo-distal and the dorsal–ventral limb axes (Williams
and Carroll, 1993; Lecuit and Cohen, 1997; Abu-Shaar and
Mann, 1998). High levels of both Wg and Dpp signal lead to
the expression of Distal-less (Dll),2 which initiates limb
rowth, and to the suppression of extradenticle (exd), a gene
that encodes an important cofactor for homeoprotein func-
tion and specificity (Cohen et al., 1989; Cohen and Ju¨rgens,
1989; Lecuit and Cohen, 1997; Gonzales-Crespo et al.,
1998). The homeodomain genes Dll, exd and another im-
portant appendage gene, dachshund (dac), are expressed in
discrete domains. Exd is expressed in and required for
development of the coxa and trochanter, the most proximal
podomeres (Gonzales-Crespo and Morata, 1996). Dac is
expressed in the femur, tibia, and in the first (proximal-
most) tarsal segment and mutations in this gene lead to a
loss of femur or femur 1 tibia (Mardon et al., 1994; Lecuit
and Cohen, 1997). The expression domain of Dac overlaps
with that of Dll in the distal tibia and proximal tarsus
(Lecuit and Cohen, 1997). Dll is also expressed in and
required for proper development of the distal tarsus and
pre-tarsus (Cohen et al., 1989). Later in imaginal leg disc
development, Dll accumulation resolves into a separate
ring in the proximal femur. The discrete domains of Dac
and Dll expression and Exd nuclear localization are estab-
lished by their different thresholds for activation by the Wg
and Dpp signals (Rieckhof et al., 1991; Lecuit and Cohen,
1997; Abu-Shaar and Mann, 1998; Goto and Hayashi, 1999).
With the exception of Dll, whose expression has been
described in a variety of metazoan species (Panganiban et
al., 1997), few data exist for the other appendage genes.
However, Exd expression in the proximal portions of the
appendages of the branchiopod crustacean Artemia fran-
ciscana was recently demonstrated (Gonzales-Crespo and
Morata, 1996). The role of nuclear Exd in the specification
of the proximal part of the appendages and the role of Hth in
nuclear localization of Exd appears to be quite ancient, as
their respective homologs, Pbx1 and Meis1, have similar
functions and proximal appendage expression in Drosophila
imaginal discs and chick embryos (Rieckhof et al., 1991;
Gonzales-Crespo et al., 1998; Mercader et al., 1999). Addi-
tionally, dac homologs have been reported in vertebrates,
where they are expressed in the limb buds analogously to
dac expression in Drosophila (Hammond et al., 1998;
Kozmik et al., 1999; Davis et al., 1999). However, no dac
homologs have been reported from any arthropods other
than Drosophila. Since most of the vertebrate limb repre-
sents a structure that is clearly not homologous to a
segmented insect leg, it is important to study the appendage
genes in additional arthropods. Here we report the expres-
sion patterns of exd, dac, nubbin (nub), and ventral veins
2 Abbreviations used: Hox, homeotic complex genes; dac, gene
dachshund; nub, gene nubbin; exd, gene extradenticle; Dll, geneistal-less.
Copyright © 2000 by Academic Press. All rightlacking (vvl) in the limbs of the spider Steatoda triangulosa
(Chelicerata, Araneae) and the crustacean Porcellio scaber
(Crustacea, Malacostraca, Isopoda). We also examined the
expression patterns of some of the appendage genes in the
crayfish Procambarus clarkii (Crustacea, Malacostraca, De-
capoda) and another species of spider, Acharanea tepidaro-
rium (Chelicerata, Aranea). The observed patterns were
related to those known for Drosophila. Furthermore, in
order to provide an additional point of comparison we also
examined the expression patterns of Exd and Dll in the
cricket Acheta domesticus (Insecta, Orthoptera). We used
both in situ hybridization and immunochemical probes.
Products of all of the genes examined in this study are
known to function cell-autonomously and to be localized to
the nucleus. Our analysis primarily focuses on insects and
higher crustaceans, two closely related groups of arthropods
(Boore et al., 1995; Nilsson and Osorio, 1997; Whitington
and Bacon, 1997; Boore et al., 1998). For the purposes of our
investigation, chelicerates are considered an outgroup to
the Insecta and Crustacea (Brusca and Brusca, 1990; Gilbert
and Raunio, 1997). The main goal of our analysis was to
understand the development and segmental organization of
the head and trunk appendages. Interestingly, nub and a
related gene, vvl, which are not associated with the pattern-
ing of legs in Drosophila, have defined expression domains
in the podomeres of S.triangulosa and P. scaber. We find
that the relative positions of the Exd and Dll expression
domains of crustaceans and chelicerates are similar to those
of the lower insects and D. melanogaster. However, specific
details, such as particular segment homologies, are very
hard to establish or confirm. We conclude that although our
data demonstrate that a specific proximo-distal patterning
system probably existed in the appendages of the last
arthropod ancestor, much reorganization and elaboration
must have taken place during the evolution of the separate
arthropod lineages. Any conclusions of evolutionary relat-
edness, therefore, are limited.
However, we find the appendage gene expression pattern
data very useful for comparing the serially homologous
appendages within embryos. For example, we show that
certain derived types of appendages, such as the mouthparts
of higher crustaceans and chelicerae of spiders often feature
a reduced number of podomeres. In good correlation with
morphology, we find that these appendages usually lack
expression of the genes expressed in the intermediate and
intermediate–distal segments of the legs.
MATERIALS AND METHODS
Cloning and Sequence Analysis of the cDNA
Fragments
Embryos of P. clarkii were used for mRNA and genomic DNA
extractions using RNA isolation kits (Gentra Systems, Inc.) or the
TriZol reagent (Life Technologies) following the manufacturer’s
protocols. We used PCR with codon-degenerate primers to clone
presumptive orthologs of dachshund from the spider S. triangulosa
s of reproduction in any form reserved.
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675Arthropod Appendage Genesand the isopod crustacean P. scaber. To clone the dac cDNA
fragments from P. scaber and S. triangulosa, we targeted the
onserved motifs VGGLHTV and ELKMDV with degenerate prim-
rs in the DD1 and DD2 regions (Mardon et al., 1994; Davis et al.,
999). Multiple copies of each cDNA fragment were cloned and
equenced. No evidence for paralogous nub and dac genes was
ound. Two different splicing versions for dac were found in the
pider S. triangulosa. cDNA fragments of nub (from the isopod P.
caber, the decapod P. clarkii, and the spider S. triangulosa) were
loned using EQFAKT and KEKRINP primers very similar to those
reviously published (Averof and Cohen, 1997). The same primers
ere used to clone a related gene, vvl, from P. scaber and S.
triangulosa. Three distinct paralogs were found for the vvl gene in
the spider S. triangulosa. All of the obtained nucleotide sequences
were compared to all of the cloned fragments recovered in the lab
and the NCBI database using MacVector 6.0.1 (Kodak) software.
Immunochemistry and in Situ Hybridization
The immunochemical staining procedure has been described by
Kelsh et al. (1994) and Averof and Cohen (1997). The monoclonal
antibody B11M against Exd is described in Aspland and White
(1997). The antibody against Nub is described in Averof and Cohen
(1997). The in situ hybridization protocol used is similar to the one
escribed in Panganiban et al. (1994) and Rogers et al. (1997). All
robes were about 400–440 bp in length. The large cDNA frag-
ents of the dac homologs from Porcellio and Steatoda were cut to
roduce labeled RNA probes of about 400–500 bp. An alkaline
hosphatase-conjugated antibody was used to detect the signal. All
ounting, photography, and scanning electron micrograph proce-
ures have been described previously (Rogers et al., 1997).
RESULTS
Alignment of the Arthropod Appendage Genes
The alignment of homologs of Drosophila nub and the
related vvl gene is shown in Fig. 1. Both the nub and the vvl
genes contain an upstream POU (paired) domain and a
homeodomain, which are present in all the arthropod
homologs recovered thus far. nub homologs, including two
paralogs from the fruitfly D. melanogaster (nub and pdm2),
single nub orthologs from the woodlouse P. scaber (Ps
nub),3 the crayfish P. clarkii (Pc nub), and the spider S.
riangulosa (St nub), all have perfectly conserved POU
omains. The amino acid sequence between the POU
omain and the homeodomain is not conserved. Even the
wo crustacean sequences Ps nub and Pc nub have highly
ivergent linker regions. In contrast to the POU domain,
he homeodomain of the nub homologs has several amino
cid changes from species to species. It is not known if
hese changes have any functional importance. In the vvl
omologs, on the other hand, both the POU and homeodo-
ains are well conserved with very few sequence changes
3 GenBank Accession Nos.: Ps nub, AF273259; Pc vvl, AF273260;
Pc nub, AF273261; St nub, AF273262; St vvlA, AF273263; St vvlB,
AF273264; St vvlC, AF273265; Ps vvl, AF273266; St dac,
AF273267; Ps dac, AF273268.
Copyright © 2000 by Academic Press. All rightrom chelicerates to Drosophila. Another striking feature of
he vvl genes is the almost absolute conservation of the
inker region in both size and amino acid composition. This
equence conservation suggests similar functions for vvl
enes in arthropods.
The Drosophila gene dac and its vertebrate homologs
ave two conserved domains, DD1 and DD2, close to the
-terminus and C-terminus, respectively (Mardon et al.,
994; Davis et al., 1999). A large, highly variable amino acid
egion separates the two domain. Figure 2 shows an align-
ent of the amino acid sequences of the dac homologs from
rosophila (Dm dac and its multiple splicing versions), P.
caber (Ps dac), and a single homolog with two splicing
ersions from S. triangulosa (St dac1 and St dac2, respec-
ively). The alignment demonstrates several highly con-
erved motifs in both the DD1 and the DD2 domains (Fig.
). Note that a portion of the DD1 domain, which is
lternatively spliced in different Drosophila dac versions, is
issing in the crustacean and spider dac homologs (Fig. 2).
The region between the DD1 and DD2 motifs has no
sequence similarity among the homologs.
Cricket (Acheta domesticus) Embryos and Their
Limbs
Unlike the long-germ band embryos of the fruitfly D.
melanogaster, the embryos of the cricket A. domesticus
(Orthoptera, Insecta) are short-germ. Additionally, Or-
thopterans are hemimetabolous, so cricket embryos possess
six-segmented thoracic legs and well-developed gnathal and
cephalic appendages. The proximo-distal order of the seg-
ments in a typical insect leg is coxa (Cx), trochanter (Tr),
femur (Fm), tibia (Tb), tarsus (Tar), and pre-tarsus (Ptar)
(Snodgrass, 1958; Brusca and Brusca, 1990).
Embryonic Expression Patterns of Exd and Dll in
Acheta domesticus Embryos
Using a monoclonal antibody against Drosophila Exd that
specifically recognizes an apparently conserved epitope in a
variety of other insect and arthropod species (Aspland and
White, 1997; personal observation), we examined Exd accu-
mulation in cricket embryos. In early embryos, Exd is
expressed in a proximal ring around the limb buds of all
appendages (Fig. 3A). This expression pattern appears to be
identical in the head and thoracic limb buds. In later 30%
stage embryos, Exd is seen in a proximal ring in the labrum,
the two most proximal segments in the antennae, all of the
mandible, and in the proximal-most part (Cx 1 Tr) of the
posterior mouthparts and legs (Fig. 3B). Exd is uniformly
expressed throughout the abdomen but is absent in the
most posterior appendages, the cerci (Fig. 3C). In late 80%
embryos, Exd continues to be expressed in the proximal
segments of the antennae and in most of the mandibles
(Figs. 3D, 3E). In the appendages of the maxillae and labium,
Exd is expressed in the coxal and trochanteral podomeres
including their derivatives, the galea and lacinia (Figs. 3D,
s of reproduction in any form reserved.
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676 Abzhanov and Kaufman3E). Note that the Exd expression domain forms a distinct
ring in the distal part of the trochanter (Fig. 3E, arrow). In
the thoracic legs of 80% stage embryos, Exd expression
resolves into two domains: one mostly in the proximal half
of Cx and another, restricted to the trochanter (Figs. 3D, 3F).
Therefore, the Exd pattern is fundamentally similar in the
legs, maxillary, and labial palps.
Dll expression has been described in several insect spe-
cies, but we needed to determine the specific boundaries of
A. domesticus Dll for our comparative analysis. In early
embryos, Dll is expressed in the distal part of all appendages
except the mandibles (Fig. 3G). Later in development, the
Dll domain in the legs, and maxillary and labial palps
resolves into two distinct domains. Proximally Dll expres-
sion is restricted to the proximal part of the femur (with
some overlap with Exd), while distally it is confined to the
distal half of the tibia and all of the tarsus with the
FIG. 1. Alignment of the amino acid sequences of the nub and vv
f both genes have unique amino acids allowing a straightforward
onserved amino acid sequence between the POU and homeodom
equences. The names of sequences cloned for this study are
bbreviations: Dm, Drosophila melanogaster; Ps, the woodlouse P
teatoda triangulosa.exception of the pre-tarsus (Figs. 3H–3J). The resulting gap A
Copyright © 2000 by Academic Press. All rightf no expression is clearly visible in both legs and mouth-
arts (mx and lab). This observation, along with the expres-
ion pattern of Exd, suggests a very similar patterning
ystem for legs and maxillary/labial palps in this mandibu-
ate insect.
Porcellio scaber Embryos and Their Limbs
Appendages of the isopod woodlouse P. scaber in
eneral are fairly typical of higher crustaceans and can be
sed to represent a wide range of malacostracan orders
Schram, 1986; Brusca and Brusca, 1990). The head ap-
endages represent a morphologically diverse set that
ncludes very small uniramous A1 and large uniramous
nd somewhat leg-like A2 antennae; branchless man-
ibles; small and biramous maxillary1 (mx1); and small
niramous maxillary2 (mx2) mouthparts (Schmidt, 1997;
-a) homologs from different arthropod species. The POU domains
ology assignment. In contrast to the vvl homologs, which have a
the nub homologs of different arthropods have highly divergent
ighted in bold. Dashes indicate identical amino acid residues.
lio scaber; Af, the brine shrimp Artemia franciscana; St, the spiderl (Cf1
hom
ain,
highl
orcelbzhanov and Kaufman, 1999a,b). The walking legs of
s of reproduction in any form reserved.
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677Arthropod Appendage Genesisopods are uniramous (stenopodous). These pereonic legs
have seven segments in proximo-distal order: coxa (Cx),
basis (B), ischium (Is), merus (M), carpus (Cr), propodus
(Pr), and dactyl (D) (Snodgrass, 1958; Brusca and Brusca,
1990). Note, that this nomenclature is distinct from that
used in insects and other arthropods and, in large part,
reflects an uncertainty regarding the homology of the
podomeres. According to our observations using scanning
electron microscopy, the T1/mxp limbs at the head trunk
border resemble the more posterior walking legs in early
embryos; however, during their embryonic transforma-
tion into maxillipeds they undergo an almost complete
loss of the telopodite and grow a large flat branch from a
basal part of the appendage (Abzhanov and Kaufman,
1999a).
Embryonic Expression Pattern of exd, dac, nub,
vvl, and Dll in Porcellio scaber Embryos
Using the same Mab as above (Aspland and White, 1997)
we studied the accumulation pattern of Exd in Porcellio
embryos ranging from the early 15% stage to the later 25
and 60% stages (Figs. 4A–4F). In the 15% stage embryos,
Exd expression is detected in the whole of the first antennae
(A1), at the base of the second antennae (A2), throughout
mx1 and mx2, and in the proximal-most part (coxa and
basis) of the thoracic appendages (Fig. 4A). There is also a
receding antero-posterior gradient of expression in the head
FIG. 2. Alignment of dac homologs. Both DD1 and DD2 domains
motif, which is conserved in Drosophila and vertebrates, is missing
identical amino acid residues. Additional abbreviations: Mm, Musand thoracic segments themselves. No Exd accumulation is 5
Copyright © 2000 by Academic Press. All rightetected in the developing embryonic abdomen. In later
5% stage embryos the number of body segments is com-
lete and the appendages are developing their unique mor-
hologies (Figs. 4B, 4C). The overall Exd pattern is similar
o that seen in 15% stage embryos; however, the staining
ecomes darker and the pattern is more resolved, especially
n the more anterior part of the trunk and in the head (Fig.
B). Figure 4C shows that there is strong expression of Exd
hroughout the A1 appendage, in the basal part of A2, and
hroughout mx1 and mx2. Additionally, a proximal band of
uclear Exd is detected in the mandibles (Fig. 4C). The 60%
mbryos essentially maintain the already established Exd
xpression pattern (Figs. 4D–4F). The Exd protein is re-
tricted to the head and pereon with its posterior boundary
orresponding to the future adult pereon/pleon border be-
ween the T8/P7 and T9/p1 segments (Figs. 4D, 4E). Also
ote that a small basal branch on the T1/mxp limb accu-
ulates high levels of Exd (Fig. 4F, red dot). During the
eg-to-maxilliped transformation, the Exd expression pat-
ern of the T1 appendage does not change substantially but
ue to reduction and elimination of more distal structures
he Exd-expressing podomers make up most of the maxil-
iped appendages (Figs. 4B, 4E, 4F). In this way, the maxil-
ipeds come to resemble the more anteriorly located max-
llae.
A recovered cDNA fragment of Ps dac was used for
hole-mount in situ hybridization to reveal Ps dac mRNA
istribution in 30, 50, and 70% stage embryos (Figs. 5A–
own while the intervening sequence is omitted. Note that the SSR
e dac homologs from P. scaber and S. triangulosa. Dashes indicate
culus; Hs, Homo sapiens; others as in Fig. 1.are sh
in thH). The most conspicuous domain of Ps dac expression is
s of reproduction in any form reserved.
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678 Abzhanov and Kaufmana single band in the intermediate portion of the pereonic
legs of embryos of all stages. This expression is confined to
FIG. 3. Exd and Dll expression patterns in cricket Acheta domes
proximal part of all appendages during early development. (D–F) In
coxa and the distal part of trochanter. (G) The Dll protein is expres
palps, and legs. (H–J) In later stages, Dll expression is suppressed in t
Ant, antenna; mn, mandible; mx, maxilla; lab, labium; T1–T3, t
trochanter; Fm, femur; Tb, tibia; Tar, tarsus.the fourth segment from both the distal and the proximal a
Copyright © 2000 by Academic Press. All rightnds of the appendage, which is called the merus (M) (Figs.
A, 5C–5H). The expression domains in the head append-
embryos. (A–C) Exd is expressed throughout the body and in the
stages, Exd accumulation is restricted to the proximal part of the
n the telopodites of the developing antennae, maxillary and labial
stal half of the femur and the proximal part of tibia. Abbreviations:
ic legs; A1–A10, abdominal segments. Podomeres: Cx, coxa; Tr,ticus
later
sed i
he di
horacges remain comparable from the 30% stage until the 60%
s of reproduction in any form reserved.
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restricted to the proximal-most segment (Fig. 5C; long
arrow). Note, that the mandibles express high levels of Ps
FIG. 4. The expression pattern of Exd in the woodlouse Porcellio
basal portion of the 2nd antennae, mandibles, 1st and 2nd maxillae,
toward posterior pereon and is absent from pleon. Vertical bars
expression continues to be restricted to the two proximal podom
maxillae, and most of the mandibles accumulate Exd. Additional a
2nd maxillae; T1/mxp, first trunk limb/maxilliped; T2/P1, second t
arrow on the left of the animals points to the head/trunk boundardac in a well-defined domain that occupies about half the l
Copyright © 2000 by Academic Press. All rightppendage, which otherwise shows few signs of segmenta-
ion (Figs. 5A, 5C). The posterior mouthparts, the first and
econd maxillae, do not express (mx2) or accumulate very
er embryos. (A) The Exd protein is observed in the 1st antennae,
ereopods of early embryos. Expression in the body becomes weaker
ate from top to bottom: head, thorax, and pleon. (B–F) The Exd
of the pereopods and 2nd antennae. 1st antennae, both pairs of
iations: A1, 1st antenna; A2, 2nd antenna; mx1 and mx2, 1st and
limb/first pereonic leg; T9/p1, ninth trunk limb/first pleopod. The
ereas the arrowhead indicates to the pereon/pleon border.scab
and p
indic
eres
bbrev
runkow levels (mx1) of Ps dac mRNA (Figs. 5C, 5E, 5G).
s of reproduction in any form reserved.
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680 Abzhanov and KaufmanInterestingly, the still leg-like T1/mxp limbs of the 30%
and earlier stage embryos have a strong band of Ps dac
expression identical to the one seen in the other pereonic
legs (Figs. 5A–5D). However, at about the 50% stage, when
the T1/mxp appendage starts transforming via the shorten-
ing and fusing of the telopodite, the Ps dac band becomes
more diffuse and weak (Fig. 5E). By the 70–80% stage, Ps
dac expression becomes increasingly hard to detect as it
fades from the maxillipeds (Fig. 5G). Ps dac continues to be
strongly expressed in the merus of the pereonic legs in later
stage embryos with some weak additional expression in the
distal part of ischium (Is) (Figs. 5F, 5H).
The expression of the two POU domain genes, Ps nub and
Ps vvl, was investigated using in situ hybridization with
FIG. 5. The expression pattern of dac in the woodlouse Porcel
ranscript is seen in the mandibles and thoracic appendages but no
mbryo in (A, B). Note that the dac expression domain in the T1/m
rrow shows expression of dac in the basal portion of the 2nd ante
weaker and more diffuse during transformation of the telopodite. O
dac expression is suppressed in the maxillipeds of the late 70% stag
n the ischium. Additional abbreviations: B, basis; Is, ischium; M,
nimals points to the head/trunk boundary, whereas the arrowheaappropriate probes. Figure 6 shows embryos at the 50–60%
Copyright © 2000 by Academic Press. All righttage. Ps nub expression in these embryos is primarily
estricted to the appendages. The A2 appendage has two
arrow bands of expression in the distal portion of the third
nd fourth segment from the tip (Figs. 6B, 6C). Both mx1
nd mx2 have two very small spots of expression at the
istal tips of the appendages (Figs. 6B, 6C). All of the
ereonic legs have two bands of expression in the distal
ortion of Cr and Pr and, in a small spot, at the tip (Figs. 6C,
D). Additional expression is seen as two distinct spots in
he distal portion of the pereopod coxa (Fig. 6C). At the
0–60% stage, the Cr and Pr bands become diffuse in the
1/mxp appendage and only a few small spots remain. The
attern in this appendage comes to resemble the pattern
een in mx2 limbs (Fig. 6C).
aber. (A, B) The expression pattern in 30% stage embryos. dac
he antennae or pleopods. (C, D) Higher magnification views of the
s identical to those of the other thoracic limbs at this stage. Long
. (E, F) In 50% stage embryos, dac expression in T1/mxp becomes
aspects of dac expression remain the same as in (A–D). (G, H). The
bryos. In the pereopods, new low level dac expression is detectable
s; Cr, carpus; Pr, propodus; D, dactyl. The arrow on the left of the
icates to the pereon/pleon border.lio sc
t in t
xp i
nnae
ther
e em
meruSince we recovered the Ps vvl fragments with primers
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681Arthropod Appendage Genesdesigned for cloning nub, we also studied its expression
pattern by in situ hybridization. vvl is not expressed in the
egs of Drosophila. Unexpectedly, Ps vvl expression was
FIG. 6. The expression patterns of nub, vvl, and Dll in Porcellio
nd D of the antennae and pereopods. Note the terminal expressi
detected in the coxa and at the coxa–basis boundary. It is also seen
show vvl expression around the proctodeum. (I,J) Dll expression
mouthparts, and telopodites of pereopods.ound in the appendages of P. scaber embryos in a pattern p
Copyright © 2000 by Academic Press. All righthat allows its use as a marker in the distal appendages
Figs. 6E–6H). The pereonic legs display a single band of Ps
vl expression in the distal half of the coxa and proximal
r embryos. (A–D) nub is expressed in the distal part of the Cr, Pr,
nub in the mx1 and mx2 appendages. (E–H) Expression of vvl is
x2 and the base of the transforming T1/maxillipeds. Long arrows
und in A1, A2, a few nuclei of mandibles, in the mx1 and mx2scabe
on of
in m
is foart of the basis (Fig. 6H) and expression is detected
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682 Abzhanov and Kaufmanthroughout the mx2 appendages (Fig. 6F). As the T1/mxp
appendages grow a large, spoon-like branch from the coxa,
this branch comes to express high levels of Ps vvl as well
(Fig. 6F). Additionally, expression is detected in the inner
branch of the biramous pleopods (Fig. 6G). Last, two
crescent-shaped Ps vvl domains are detected around the
proctodeal opening (Figs. 6E, 6G; arrow).
Dll expression patterns in Porcellio have been used as
molecular appendage markers in previous studies (Scholtz
et al., 1998; Abzhanov and Kaufman, 1999a,b). Here we
escribe aspects of the Dll pattern important for this work
n the 15 and 70% stage embryos (Figs. 6I, 6J). All P. scaber
appendages express Dll but the exact domain differs from
one limb type to another. Both pairs of antennae express Dll
in all but the most proximal portion of the appendage. The
mandibles, beginning early in development, have a small
domain on the most distal part in only a few cells (Figs. 6I,
6J). Both pairs of maxillae express Dll in the distal half, and
that domain splits into two in mx1 as it becomes biramous.
The legs, including T1/mxp in early embryos, express Dll
strongly in the B, Is, M, Cr, Pr, and D, while expression in
the Cx is weaker (Figs. 6I, 6J). The T1/mxp appendages grow
a large branch from their proximal part, which will later
FIG. 7. Scanning electron micrographs of mid-stage spider embry
(Ch), six-segmented pedipalps (Pdp), and seven-segmented legs (L)
the chelicerae. (B) This ventral view shows the gnathobases on th
functional adult structures.become most of the maxilliped (Fig. 6J). The Dll expression
Copyright © 2000 by Academic Press. All rightomain in the maxillipeds, when compared with that in the
egs, diminishes relative to the rest of the appendage.
Embryonic Development of the Spider Steatoda
triangulosa Limbs
Spider embryos hatch as miniature adults with append-
ages closely resembling those of the adults. There are two
tagmata in the arachnid bodyplan: the prosoma and the
more posterior opisthosoma. The prosoma contains six
body segments bearing appendages: the seven-segmented
walking legs; the six-segmented pedipalps with a large
gnathobase (maxilla); and the two-segmented mouthpart
chelicerae (Fig. 7; Brusca and Brusca, 1990). The pedipalps
and all of the legs appear to have gnathobases early in
development but only the pedipalps retain and continue to
develop these, which become mouthpart maxillae, in later
stages (Brusca and Brusca, 1990). The leg podomeres are
specified in proximo-distal order: coxa (Cx), trochanter (Tr),
femur (Fm), patella (Pat), tibia (Tb), tarsus (Tar), and pre-
tarsus (Ptar) (Snodgrass, 1958). The segmental composition
of the pedipalps and chelicerae, relative to walking leg, is
not clear. All spider embryos shown in the figures are
) The frontal view of the prosoma. The two-segmented chelicera
isible. Note the large pedipalpal gnathobases (Pdp, gb) underneath
dipalps and walking legs. Only pedipalpal gnathobases will formos. (A
are v
e peroughly at the same mid-stage of development.
s of reproduction in any form reserved.
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683Arthropod Appendage GenesEmbryonic Expression Pattern of Exd, dac, Nub,
and Dll in Steatoda triangulosa Embryos
We found that the Mab B11M against Drosophila Exd
(Aspland and White, 1997) reveals a specific signal in spider
embryos. This signal is restricted to the body segments, the
FIG. 8. The exd, dac, nub, and Dll expression patterns in the spi
atella/tibia juncture. There is also weak but variable signal seen in t
helicerae, the pedipalpal coxa, and gnathobases in the body segmen
alking legs and pedipalps (C). There is also expression in the presum
ide of the first spinnerets (F). Note that dac is not expressed in the cproximal part of the appendages, a single strong stripe in the l
Copyright © 2000 by Academic Press. All rightalking legs and a weaker stripe in the pedipalps (Figs. 8A,
B). Only the basal portion (proximal segment) of the cheli-
erae is stained with Mab B11M. Exd is expressed throughout
he pedipalpal gnathobase (maxilla). However, in the pedipalp
tself it is expressed in a distinct stripe in the proximal portion
f the second segment from the tip (Fig. 8B). In the walking
teatoda triangulosa. (A,B) Exd is expressed in the coxa and at the
oximal femur. Its expression is also seen in the basal segment of the
–G) The dac transcript is detected in the femur and trochanter of
optical lobes (D), along the ventral midline, and in the antero-lateral
erae (C–E). Additional abbreviations: Pat, patella; Ptar, pretarsus.der S
he pr
ts. (C
ptiveegs (L1–L4), Exd is present in a single stripe in and around the
s of reproduction in any form reserved.
684 Abzhanov and Kaufmanjoint separating the tibia and patella and in the proximal part
of the coxa (Fig. 8B).
St dac expression was detected with in situ hybridization
(Figs. 8C–8G). No St dac transcript is detected in the
chelicerae or in the pedipalpal gnathobase (maxilla) (Figs.
8C, 8D). The pedipalp itself has a broad St dac domain in the
two proximal segments, which morphologically resemble
the trochanter and femur of the legs (Figs. 8C, 8E). The legs
have high levels of St dac expression in the trochanter and
femur (Figs. 8E, 8G). Additional St dac expression is seen in
the optic lobes, along the ventral midline (CNS?), and in the
lateral portion of the first pair of spinnerets (sp1) but not in
the second pair (sp2) (Figs. 8D, 8F).
We found that a Nub Mab raised to the Artemia protein
(Averof and Cohen, 1997) cross-reacted with spider embryos
and could be used to study Nub expression there (Figs. 8H,
8I). A single broad stripe of strong expression is detected in
the developing walking legs, which appears to coincide
with the position of the tarsus (Fig. 8I). Additional weak and
diffuse staining is seen in all segments proximal to the
tarsus with somewhat stronger accumulation in the distal
portion of the patella. No expression is seen in the cheli-
cerae or maxillae of the pedipalps. The pedipalp telopodite
has weak staining that is slightly stronger in the second
most distal segment in a pattern reminiscent of the proxi-
mal femur–patella expression in the walking leg (Figs. 8H,
8I).
We have used anti-Dll as a molecular marker in our
previous studies on spiders (Abzhanov et al., 1999) and
present here only those aspects of the pattern relevant to
this analysis. All prosomal limbs express Dll in all but the
most proximal part (Fig. 8J). For example, in the chelicerae
only the second, distal segment expresses Dll. No expres-
sion is seen in the two most proximal segments of the
pedipalps and legs, the coxa and trochanter (Fig. 7J). All
more distal segments, including the femur (the longest leg
segment), accumulate high levels of Dll.
DISCUSSION
The principal goal of this study was to provide prelimi-
nary insight into possible roles of the appendage genes in
representatives of the lower insects, crustaceans, and che-
licerates. Our analysis was made on the assumption that
these genes are functional and important in the species
studied. In addition, we wanted to use these genes as
markers to study the segmental composition and develop-
ment of different limb types, such as the mouthparts and
walking legs (Figs. 9A–9C). We also compare the expression
patterns in legs of insects, crustaceans, and chelicerates and
comment on the relevance of our data to existing attempts
to homologize the podomeres in different arthropod classes
(Fig. 10).
Copyright © 2000 by Academic Press. All rightAppendage Development in Insects (Diptera and
Orthoptera)
Most of our knowledge about appendage development
comes from developmental genetic studies of D. melano-
gaster. Although the legs of adult flies and crickets are very
similar in terms of metameric origin and segment number,
the developmental processes by which their morphology is
achieved are quite distinct (Brusca and Brusca, 1990).
Cricket legs develop directly from the body wall and are
patterned and segmented during subsequent outward
growth in the embryo. Drosophila has a more derived
system for adult appendage formation involving the imagi-
nal discs, which are specified and patterned during later
larval stages. The development of an appendage, such as a
leg, from an imaginal disc is a multistep process involving
initiation of the disc itself via signaling from neighbor
tissues, prepatterning, establishment of limb field primor-
dia, dorsal–ventral patterning, proximo-distal patterning
culminating in growth, and evagination and differentiation
of adult structures (Williams and Carroll, 1993). It is pos-
sible that much of leg development in Drosophila is char-
acteristic only of the higher Diptera and cannot be com-
pared directly to that of other arthropods. Therefore, we
included a relatively basal insect, the cricket A. domesticus
(Orthoptera), which has a direct limb development, in our
comparative analysis. The morphology of cricket limbs,
such as antennae, mouthparts, and legs, is more typical of
the lower insects (Brusca and Brusca, 1990).
We find that the expression patterns and dynamics of the
leg patterning genes, with regard to the specific podomeres,
are conserved between Drosophila and Acheta (Figs. 9A,
9B). Nuclear Exd is detected in the basal part (coxa and
trochanter in the legs) of the appendages in Drosophila and
Acheta. In both species, the early Exd domain is immedi-
ately adjacent to that of Dll (Figs. 9A, 9B). In Acheta, Dll is
detected throughout the telopodite during early develop-
ment but then fades in the intermediate portion of the leg
and forms two separate domains—proximally in the
trochanter/proximal femur and distally in the tarsus/distal
half of tibia. In Drosophila, this change in Dll pattern is
associated with the growth of the imaginal disc and is
accompanied by initiation and establishment of the Dac
domain in the intermediate portion of the leg (Lecuit and
Cohen, 1997). It is notable that the dynamics of the Exd and
Dll expression patterns in the maxillary and labial palps are
very similar to those in the walking legs in Acheta (Fig. 9A).
This suggests that the segmented maxillary and labial
mouthparts, which belong to the basal mandibulate type,
are patterned very similarly to the legs, in striking contrast
to the adult proboscis in Drosophila (Abzhanov et al.,
submitted).
Another observation in Acheta is the restriction of Exd,
which is required for antennal identity in Drosophila (Dong
et al., 2000), to the two most basal antennal segments,
which are sometimes homologized with the coxa and
trochanter (Snodgrass, 1958). This observation indirectly
s of reproduction in any form reserved.
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685Arthropod Appendage Genessupports the hypothesis that the insect antenna is basically
a three-segmented structure with the third, distal segment
subdivided into subsections, forming a flagellum (Imms,
1940; Snodgrass, 1958). However, we observe little or no Dll
and Exd coexpression despite the fact that both genes have
been shown to be required for the development of antennal
structures in D. melanogaster (Dong et al., 2000). Thus it
would appear that the cricket may pattern its antenna
differently than flies.
Appendage Development in the Woodlouse
Porcellio scaber
Some information is available for appendage gene expres-
sion patterns in several crustacean species (Panganiban et
l., 1995; Gonzales-Crespo and Morata, 1996; Averof and
ohen, 1997; Williams, 1998). However, no comprehensive
nalysis designed to survey the possible role(s) of leg genes
n limb development has been done to date. Our data on
xpression patterns of the five genes analyzed here have
llowed us to examine all appendage types within the
oodlouse P. scaber, a representative of an important class
FIG. 9. A diagram summarizing expression patterns of the appen
melanogaster, the malacostracan crustacean Porcellio scaber, and t
attern of exd and Dll in early versus late appendage development i
are from Gonzales-Crespo and Morata (1996), Campbell and Tomli
expression patterns in the appendages of P. scaber. The changes in
(D) The appendage gene expression in the spider S. triangulosa. Not
(Pdp) and the absence of dac, nub expression in the chelicerae (Chf higher crustaceans (Malacostraca). Here we attempt to 1
Copyright © 2000 by Academic Press. All rightse the expression patterns of Exd, dac, nub, vvl, and Dll as
arkers to study the segmental composition of Porcellio
ppendages (Fig. 9C). We also obtained similar data for Exd,
ub, and Dll from the crayfish P. clarkii (Decapoda, Crus-
acea), another malacostracan. The crayfish data support
ur conclusions from the Porcellio analysis (not shown).
The expression patterns in the pereonic walking legs
how extensive overlap of Dll with dac and exd (Fig. 9C),
hile exd and dac have distinct, nonoverlapping domains.
dditionally, nub expression can be used as a marker for
the three distal-most podomeres (Cr, Pr, D). Assuming that
the expression patterns in the pereonic walking legs repre-
sent the ground-plan for all other limbs, it is clear that
Porcellio’s first and second antennae, mandibles, and first
and second maxillae are all modified and reduced relative to
the walking legs (Fig. 9C). Both segments of A1 express Exd
and Dll but not dac or nub, suggesting that no segments of
he telopodite are present. The absence of strong dac
xpression in the A2 appendage suggests an absence of the
s and M podomeres, whereas absence of the nub transcript
t the tip of the antennae can be explained by the previously
roposed duplication of the distal (D) segment (Schram,
genes in the cricket Acheta domesticus, the fruitfly Drosophila
ider Steatoda triangulosa. The dynamic developmental expression
cricket (A) and fruitfly (B). The expression domains in Drosophila
(1998) and Abu-Shaar and Mann (1998). (C) exd, dac, nub, and Dll
patterning associated with transformation of T1/mxp are shown.
differences in nub expression in the legs (L1, etc.) and the pedipalpdage
he sp
n the
nson
limb
e the986; Schmidt, 1997). The mandible has a small group of
s of reproduction in any form reserved.
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686 Abzhanov and KaufmanDll-expressing cells at the tip throughout development, a
broad band of dac, and a proximal band of nuclear Exd. This
uggests that the mandible, although a highly reduced and
o longer overtly segmented appendage (Scholtz et al.,
998; Popadic et al., 1998), nevertheless retains portions of
n entire limb with remnants of the basal, intermediate,
nd distal components (Fig. 9C). Both maxillae (mx1 and
x2) express Exd and Dll but not dac or nub, implying a
asipodal character for these limbs. This latter observation
s important in understanding the transformation of the
rst trunk legs into maxillipeds (Abzhanov and Kaufman,
FIG. 10. Summary of the dac expression domains in the walkin
ruitfly (Insecta). The trilobite leg is shown for comparison. See te999a). In early development, the T1/mxp leg displays i
Copyright © 2000 by Academic Press. All rightxpression patterns identical to those in other pereopods.
uring the embryonic transformation of the appendage,
owever, the Exd-expressing cells of the basis expand, while
he telopodite begins to lose its segmental character and
roportions. The originally strong band of dac in the merus
ecomes diffuse and disappears as the telopodite “shrinks”
o become a small palp on the maxilliped. The final seg-
ental structure of the maxilliped appears to mimic that of
he maxillae (Fig. 9C).
As we previously reported, the T1/mxp transformation
oincides with the appearance of the homeotic protein Scr
s of a spider (Chelicerata), isopod malacostracan (Crustacea), and
r discussion. Drawings after Snodgrass (1958).g legn these appendages (Abzhanov and Kaufman, 1999a), while
s of reproduction in any form reserved.
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687Arthropod Appendage GenesScr is present in mx2 throughout development. We propose
that Scr is involved in the specification of a maxillary
identity in Porcellio and that it functions to suppress genes
required for walking leg identity, such as dac, in the
1/mxp telopodite and to bring about the coxopodal max-
llary identity. Additional functional analysis will of course
e necessary to test this hypothesis and to fully understand
he regulation of Porcellio limbs by the Hox genes.
Appendage Development in the Spider Steatoda
triangulosa
We examined appendage gene expression patterns in the
spider S. triangulosa to gain insight into the development of
different limb types in arachnid chelicerates (Fig. 8C). We
also obtained similar immunochemical data (Exd, Nub, Dll)
from another spider species, A. tepidarorium, that support
our findings from Steatoda (not shown). The limbs of the
prosoma represent three distinct types of appendages, each
with a different number of segments. The leg gene expres-
sion patterns provide a unique marker for each of the seven
podomeres in legs (L1–L4), allowing us to address the likely
origin and relationship of the other two limbs, the pedipalps
and chelicerae. The legs are seven-segmented walking ap-
pendages. The six-segmented pedipalps are leg-like in many
spiders and display patterns nearly identical to those in legs
(Fig. 9D). Only a single Nub band appears to be missing,
suggesting that the tarsus, which accumulates high levels
of Nub, is missing and accounts for the pedipalp’s reduction
in segment number. The chelicerae have only two
podomeres: a basal Exd-expressing segment and a distal
Dll-expressing segment (Fig. 9D). The lack of dac and Nub
staining indicates that the chelicerae developmentally con-
sist only of the most proximal (Cx) and distal (Ptar) seg-
ments and that the intermediate podomeres fail to be
elaborated. Interestingly, the pattern seen in the chelicerae
is reminiscent of the early pattern of limb gene expression
in the insects. This fact presents the possibility that the
cheliceral pattern results from a temporal attenuation of
limb development in this highly modified spider appendage.
Additional data from other, less derived chelicerate groups
as well as further analyses of the temporal patterns of
accumulation of the limb genes will be necessary to better
understand the ontogeny and phylogeny of limb patterning
in the chelicerates specifically and the Arthropoda in gen-
eral.
Genes and Homology of the Arthropod Leg
Segments
The question of segmental homology of arthropod limbs
has been a matter of longstanding debate and this discus-
sion has recently been resuscitated (Williams and Carroll,
1993; Kukalova-Peck, 1997; Averof and Cohen, 1997; Wil-
liams, 1999). The segmented, sclerotized nature of limbs is
unique to arthropods and gives them their name (Brusca and
Brusca, 1990). However, the number of leg segments and
Copyright © 2000 by Academic Press. All rightheir morphology vary widely among different arthropod
lasses, probably due to a number of factors, such as the
ode of locomotion, various adaptations, and evolutionary
ncidents. In fact some authors have concluded that the
ppendages of different arthropods are completely different
rom each other, leading them to reject arthropod mono-
hyly (Anderson, 1973; Manton, 1977). As a result, the
odomeres of crustaceans bear names distinct from those in
nsects. Nevertheless others have attempted to directly
ompare or homologize podomeres from different arthropod
lasses (Snodgrass, 1958; Brusca and Brusca, 1990) and we
hus still use the same insect names for the myriapod and
helicerate podomeres.
Here we provide another dimension to this problem by
nalyzing the expression patterns of genes known to be
mportant in Drosophila limb development. We think that
ur data provide evidence for the existence of a single P-D
xis patterning system in all arthropods. However, the
xact segmental affiliation of expression domains of spe-
ific appendage genes is clearly varied among insects, crus-
aceans, and chelicerates (Fig. 10). It is apparent from a
imple comparison of just the Dac domain in the legs of
hese three groups that making homology statements based
n gene expression patterns is unwise. For example, if one
omologizes arthropod leg segments sensu (Snodgrass,
958), then dac is expressed in the femur and tibia of insects
the third and fourth segments, respectively), the merus of
alacostracan crustaceans (fourth segment), and the tro-
hanter and femur of spiders (the second and third seg-
ents, respectively) (Fig. 10). This does not readily fit any
urrent schemes used for homologizing the podomeres
Snodgrass, 1958; Brusca and Brusca, 1990). Indeed, we do
ot find evidence for one-to-one homology on the molecu-
ar level for any of the podomeres among the classes. We
onclude that although arthropod appendages are homolo-
ous to each other as entire structures, the relationship
etween the number and morphology of segments is likely
o be a complex one. For example, it has been shown that
atterning and segmentation of the legs in Drosophila
ight be established by largely independent systems (Fehon
t al., 1991; Mardon et al., 1994; Abu-Shaar and Mann,
998; de Celis et al., 1998). As both of these systems are
learly amenable to evolutionary change, the growing ap-
endages may be divided uniquely in different lineages by
odification of either system, precluding easy identifica-
ion of corresponding parts based on either morphology or
egmental position and certainly not on the basis of gene
xpression domains.
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